Introduction
With the rapid development of imaging techniques and better understanding of structural and functional pathology of the spine and spinal cord there has been a worldwide increase in the number of spine surgeries performed, particularly in specialized interdisciplinary spine centers. In addition to the congenital and acquired deformities of the spine and relatively rare spinal cord tumors, common degenerative spine disease within the aging general population contributes to a growing number of pathologies with myelopathies. This is important because antecedent myelopathy increases spinal cord risk during surgical treatment. The possibility of having functional neurophysiological assessment during spine and spinal cord surgery was introduced in 1970s by applying somatosensory evoked potentials (SEPs) as well as spinal evoked potentials [15, 21, 32, 33] .
Meanwhile these modalities and continuous EMG recording have been enhanced by the addition of corticospinal motor pathway monitoring through the use of motor evoked potentials (MEPs) elicited by transcranial electrical stimulation [3] . The application of multimodal intraoperative monitoring (MIOM) became routine in several spine centers, being documented by publications about the specificity and sensitivity as well as clinical experience and outcome measurements during different spinal surgical procedures [6, 9, 13, 14, 17, 22, 24, 26, 27] . In this supplement on intraoperative monitoring the Spine Center of the Schulthess Clinic presents their experience with the application of MIOM during spine surgery analyzing 1,017 operations in the years 2000-2005. The patients for monitoring were selected out of 11,356 who received spine surgery at the institution during the study period. The indication for each monitoring procedure was discussed and established within the monitoring and surgical team. The detailed analysis of this large patient population resulted in a sensitivity of 89% and specificity of 99%. Sutter et al. [31] conclude that MIOM is an effective method of monitoring the spinal cord functional integrity during spine surgery and therefore can lead to reduction of neurological deficits and consequently improve postoperative results. An independent series of 206 thoracolumbar surgeries also presented in this supplement supports this conclusion [19] .
Sala et al. [27] discussed in their recent publication of a historical control study the ethical limitation for performing prospective randomized studies to assess the efficacy of MIOM while clearly documenting that monitoring improves outcome after surgery for intramedullary spinal tumors.
The Experts in the field were invited for a meeting with the support of the European Spine Journal (Max Aebi, MD, Editor-in-chief, Marek Szpalski, MD, Supplement Editor) to summarize the current state-of-the-art and prepare current opinions and recommendations. This consensus statement represents a work in progress and as with all other recommendations or proposals, it must be updated as new information is gained.
MIOM rationale and nomenclature
Reviewing the literature on intraoperative monitoring makes it clear that application of a single method such as SEPs is not sufficient and that accounting for ascending and descending pathways of the spinal cord and nerve roots requires a multimodal approach. In order to facilitate communication among practitioners and surgeons as well as understanding of the underlying pathophysiology and to help surgeons to understand interpretations presented by the neurophysiologist during the operation, an eventual unification of nomenclature is desirable.
Evoked potential nomenclature has occasionally been misleading. For example, ''neurogenic MEPs'' peripheral nerve potentials evoked by spinal cord stimulation turned out not to be motor [8, 20, 35] . Nevertheless, terminology established by the International Federation of Clinical Neurophysiology (IFCN), American Clinical Neurophysiology Society (ACNS) and American Society of Neurophysiologic Monitoring (ASNM) is accurate, widely applied and acceptable [1, 4, 16, 34] . Surgeons and practitioners should be ideally familiar with established terms, including: D and I wave; muscle MEP; spinal, subcortical and cortical SEP; free-running and triggered EMG; compound muscle action potential (CMAP); compound nerve action potential (CNAP); F-response; H-reflex, etc. This may be particularly true if the monitoring is performed by technicians. However, the consensus group recommends that the monitoring be carried out by an appropriately trained neurologist or neurophysiologist to allow for open discussion.
Nomenclature should distinguish between the selective and the non-selective modalities. SEPs select the dorsal column somatosensory system. MEPs select the corticospinal motor system and only potentials evoked by brain stimulation qualify. Descending corticospinal volleys are properly referred to as D and I waves as originally named and muscle responses as muscle MEPs [7] .
Spinal cord stimulation non-selectively activates all ascending and descending systems and the evoked spinal cord, nerve or muscle potentials are neither MEPs nor SEPs [7, 18] . Although lower motor neurons ultimately mediate muscle responses, their possible excitation from extrapyramidal pathways including branches of antidromically activated dorsal column axons must be recognized. The terms spino-spinal EP and spino-muscular EP are suggested to set these potentials apart as being non-selective.
The consensus group recognized that alternative terminology based on specifying stimulation and recording sites as originally proposed by Tamaki [32, 33] and modified by Sutter et al. [31] can also be acceptable ( Fig. 1; Table 1 ). Practitioners and surgeons preferring this approach should be thoroughly familiar with the associated terms while realizing that they are not widely used. Whether or not this alternative will eventually supplant more established nomenclature remains to be seen. Figure 1 presents the principles of motor, somatosensory and non-selective evoked potentials indicating the stimulating and recording sites. The neural structures to be stimulated and the recording sites (brain, spinal cord, nerves and muscles) are to be chosen in accordance with any anticipated injury. Monitoring with evoked potentials is to be done on both sides (of the body: MEPs and SEPs) separately as well as proximal and distal to the site of risk to distinguish systemic changes due to anesthesia, temperature and other pathologically related changes due to ischemia or surgery. Monitoring upper and lower limb evoked potentials can further improve this distinction while also providing brachial plexus and arm peripheral nerve protection [19] . MIOM technology is not yet formally standardized and a variety of approaches exist. Deletis [7] and Macdonald [18] recently provided extensive reviews of contemporary MEP methodologies. In this supplement, Sutter et al. [31] and Macdonald and Al Zayed [19] present their current respective spine MIOM protocols and Sala et al. [25] present their current approach to monitoring intramedullary spinal cord tumor surgery. It was agreed that intravenous anesthesia and omission of neuromuscular blockade after intubation is important to successful MIOM ( Table 2) .
MIOM principles and methodology
The consensus group discussed the efficacy and safety of invasive spinal monitoring techniques and agreed that they are valuable in selected cases. However, it was recognized that epidural D wave alterations have been observed as an artifact of curve correction [36] . Thus, motor predictions should probably not rely solely on epidural D waves during scoliosis surgery; subarachnoid recordings might not be subject to this problem. In addition, D waves and spino-spinal EP's can miss or delay the detection of spinal cord ischemia that is more rapidly and reliably detected by muscle MEPs [18] . Hence, muscle MEP monitoring should always be done.
Invasive D wave monitoring was unanimously considered an essential component of intramedullary spinal cord tumor surgery monitoring, for which muscle MEPs alone are insufficient [7, 18] . This is because intramedullary dissection can selectively disrupt the spinal cord's intrinsic supportive motor systems, leading to muscle MEP loss without corticospinal tract or alpha motor neuron injury. In these special circumstances, D wave preservation indicating corticospinal tract integrity usually predicts good longterm motor outcome. This can allow completing the tumor resection despite muscle MEP loss.
No consensus was reached on the importance of invasive techniques during other spinal surgeries in which this special mechanism of muscle MEP deterioration is not known to occur. Some members found the addition of invasive recordings to be important because of their rapid acquisition and stability [10, 29, 32] . Some other members found it difficult to justify their added complexity and possible risks because modern non-invasive techniques appear sufficient when including muscle MEPs that are also rapidly acquired although less stable [18, 19, 24, 26, 27, 36] . Consensus on this point will need further study.
The group's combined experience of a few thousand invasive recordings revealed only two complications (meningitis and broken electrode tip). Other possible hemorrhagic, traumatic or infectious adverse effects have not yet been reported [32] . Thus, these techniques appear sufficiently safe but require due care and expertise.
Intraoperative monitoring team, education
The consensus group agreed that close collaboration between spine surgeon, the responsible neurologist/neurophysiologist, the anesthetist and possibly involved technician is important to interpret the intraoperative, electrophysiological results in order to reach a shared decision on a possible alteration of the surgical procedure. The understanding of the basic principles of the monitoring techniques by the spine surgeon on one hand and the understanding of the spine pathology and the surgical approaches by the neurologist on the other hand are prerequisites to facilitate the shared decision in case of altered potentials indicating possible risk or danger for damage of spinal cord and/or nerve roots.
It is recommended that the responsible person on the monitoring side should be an medical doctor (MD) with subspecialty education in clinical neurophysiology and additional education on intraoperative monitoring. As in some countries the profession of clinical neurophysiologist has been established, it therefore could be considered as an equivalent to a neurologist. Although technicians can be helpful during the procedure, their education does not supply the background to bear the responsibility of interpreting the results.
In addition, the consensus group recommends that spine units/centers who decide to introduce and implement MIOM in their institution allow the dedicated neurologist/ neurophysiologist to obtain the necessary additional education and experience through practical collaboration with already well-established monitoring teams for an appropriate period of time. Three to 6 months (according to educational background) is considered as a reasonable period. The consensus group also recommends the ISIN to develop an accreditation system for spine centers integrating intraoperative monitoring into their routine procedures.
Indications for multimodal intraoperative monitoring
The consensus group is of the opinion that MIOM is indicated or recommended in all spinal surgical procedures bearing a potential risk of damaging neural structures. The high sensitivity and specificity of MIOM during the different surgical procedures as presented in this supplement [10] [11] [12] [28] [29] [30] [31] document its advantages. It has been clearly shown that MEP monitoring improves outcome after surgery for intramedullary spinal tumors [27] .
The consensus group agreed that MIOM can be recommended for the following spinal pathologies:
• corrections of spinal deformities with scoliosis greater than 45°, • corrections of congenital spine anomalies, • resections of intramedullary and extramedullary tumors, and • extensive anterior and/or posterior decompressions in spinal stenosis in cervical, thoracic and lumbar spine causing myelopathies and functional disturbance of cauda equina and/or individual nerve roots.
Also the consensus group was of the opinion that there is sufficient scientific evidence to propose the above recommendations, however, not enough to establish legally binding guidelines. Currently it is up to the responsibility of the spinal surgeon and the neurologist to establish the indication for intraoperative monitoring according to the individual cases receiving treatment. However, the current body of knowledge justifies the development and establishment of MIOM as routine procedure in spine centers to improve the surgical results and reduce the risk of potential damage to the neural structure.
Future perspectives
The consensus group is of the opinion and recommends the establishment of MIOM as a routine procedure in spine centers dealing with severe spinal disorders in which surgical procedures could lead to damage of neural structures. The current body of knowledge makes the wake-up test to monitor the correction of spinal deformities obsolete.
Close collaboration of the different international scientific societies such as the Spine Society of Europe, the ISIN, the Scoliosis Research Society, the International Society for Study of the Lumbar Spine and the Cervical Spine Research Society could facilitate interdisciplinary communication as well as the establishment of the monitoring units in spine centers. It is also recommended that the ISIN takes this paper as a ''study in progress'' and elaborates on the development of quality management and standards for intraoperative monitoring as well as educational standards and accreditation.
As the specificity and sensitivity of MIOM is wellestablished, the design of historical studies as presented by Sala et al. [27] should be initiated to gain more sound information on the efficacy of monitoring procedures to reduce neurological complications (as obviously performance of prospective randomized trials is limited by ethical considerations).
